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Abstract

shape was due to the quantum size effect.

We developed a fabrication technique of very thin silicon nanowall structures. The minimum width of the
fabricated silicon nanowall structures was about 3 nm. This thinnest region of the silicon nanowall structures was
investigated by using cathode luminescence and ultraviolet photoelectron spectroscopy (UPS). The UPS
measurements revealed that the density of states (DOS) of the thinnest region showed a stepwise shape which is
completely different from that of the bulk Si. Theoretical analysis clearly demonstrated that this change of the DOS
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Background
Multi-junction solar cells consisting of materials with
different band gaps are one of the options to overcome
the conversion efficiency limit of single junction solar
cells [1]. Crystalline silicon (Si) is the most promising
material for the bottom cell of a tandem solar cell. Re-
cently, a material for the top cell has been widely studied
[2, 3]. Si nanowire and nanowall are one of the options
for the top cell material. The band gaps of Si nanowire
and nanowall can be varied by changing their diameter
or width owing to the quantum size effect [4], and there
is the potential for high efficiency all-Si tandem solar
cells. In a previous research, Si nanowires were mainly
used for light-trapping structure of Si-based solar cells.
In this case, the size of Si nanowires was micrometer or
submicrometer range which corresponds to the wave-
length of visible and infrared light [5-10]. In order to
apply nanostructured Si for the top cell of all-Si tandem
solar cells, it is important to reduce the size to less than
5 nm [11] to utilize quantum size effect. Therefore, tech-
niques to fabricate extremely thin Si nanowire or nano-
wall are important to realize all-Si tandem solar cells.
Fabrication processes of nanostructured Si (Si nanowire
or Si nanowall) are roughly divided into two types: top-
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down and bottom-up, i.e., etching of bulk Si [12-16] and
growing Si nanowire on a substrate [17]. The advantage of
the top-down process is the easy control of the direction
of nanostructured Si. The starting material of this method
is a Si wafer; therefore, material quality is also high
enough. The typical top-down process consists of a mask
patterning and anisotropic etching. The arrangement of
nanostructured Si can be controlled by mask patterning.
By the combination of mask patterning, e.g., nanoimprint
and photolithography, and anisotropic etching, e.g., metal-
assisted chemical etching (MACE) [18-20] and reactive
ion etching (RIE), various processes are selectable. We
have developed a device integration process of Si nanowire
with a diameter of 30 nm using silica nanoparticle disper-
sion and MACE [21], and confirmed the photovoltaic
power generation of the axial-junction Si nanowire solar
cell [22]. However, the diameter of the Si nanowires was
not thin enough to utilize the quantum size effect.

In this work, we succeeded to fabricate very thin Si
nanowall by the combination of an etching process and
a slimming process using thermal oxidation. The mini-
mum width of the Si nanowall was 3 nm. We also inves-
tigate to confirm the quantum size effect of the Si
nanowall. Si nanowall confines the carriers in one
dimension; therefore, a smaller size is required to utilize
the quantum size effect than Si nanowire. This is one of
the disadvantages of Si nanowall; however, the Si nano-
wall is much stronger than Si nanowire from the
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viewpoint of mechanical strength. In addition, the light
absorption of Si nanowall is greater than that of Si nano-
wire [23]. Therefore, it is important to confirm the
quantum size effect of Si nanowall. In previous works,
photoluminescence (PL) and scanning tunneling spec-
troscopy (STS) were used for confirming the quantum
size effect of nanostructured Si. The PL method can
measure the band gap and has been used for analysis of
nanodot [24] and nanoporous structures [25]. The PL
measurement includes undesirable signals such as sig-
nals from interface defects and requires high density of
nanostructured Si to detect signals related to the
quantum size effect. The STS method can measure the
local density of states (DOS) and has been used for the
analysis of single Si nanowire [26]. However, it requires
an atomically flat measurement surface and is difficult to
measure Si nanowire and nanowall vertical to the sub-
strate. Therefore, we investigated our Si nanowall by
using cathode luminescence (CL) and ultraviolet photo-
electron spectroscopy (UPS).

Methods

Si nanowall was prepared by etching process using
photolithography and RIE. A line and space resist pat-
tern with a half-pitch of 55 nm was formed on a p-type
single-crystalline Si wafer, and it was etched into Si
nanowall. This Si nanowall has a tapered shape, and the
width varied along the height direction due to the side
etching during the RIE process. The width of the tips
was about 20 nm. This tapered Si nanowall was slimmed
by thermal oxidation. Figure 1 (a) shows the cross-
sectional transmission electron microscope (TEM) im-
ages of a slimmed Si nanowall. A SiO, layer covered the
thin Si cores. The slimmed Si nanowall also has a ta-
pered shape because of the initial tapered shape. The
thinnest region was located at slightly below the tips
since the oxidation of the tips was limited by internal
stress induced in the oxide layer [27]. As shown in Fig. 1
(b), an untapered region was formed in the thinnest
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Fig. 1 Cross-sectional TEM images of Si nanowall after thermal
oxidation a whole image b magnified image of the thinnest region.
A square in Fig. 1(a) shows the magnified area
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region of the Si nanowall. The width of this region is
thin enough for the quantum size effect. Therefore, we
investigate this sample by using CL and UPS in order to
confirm the quantum size effect.

Results and discussions

Figure 2 shows the results of the CL measurements. Elec-
tron beam with an acceleration voltage of 20 kV is irradi-
ated to the tip and center of the Si nanowall from the
cross-sectional surface. The measurement temperature
was 37 K. Similar spectra were obtained from the tip and
center of the Si nanowall. The peaks at 1130 and 1170 nm
correspond to the phonon-assisted band-to-band emission
of Si [28]. This can be interpreted as follows. The injected
electrons near the tip immediately diffused toward the
bottom of the Si nanowall, and the emission occurred in
all regions of the Si nanowall if the electron beam was ir-
radiated only to the tip. In this situation, the emission
from the thick region was superimposed on emission from
the tip [29]. The broad peak at around 660 nm observed
from both the tip and the center was assigned to the emis-
sion related to defects in the oxide layer [30, 31]. Compar-
ing the two spectra, we could not find clear difference.
This means that it is difficult to detect the quantum size
effect by using the CL measurements. The emission signal
from the thinnest region of the Si nanowall is very weak
since the volume of the thinnest region is very small. In
this case, the emission signal from the thick region caused
by the electron diffusion obscures the signal from the
thinnest region. Therefore, signals from the thick region
and the oxide layer have to be excluded to detect the sig-
nal from the thinnest region.

In order to confirm the quantum size effect, we also
analyzed the slimmed Si nanowall by UPS. A helium
discharge tube was used as the light source and UV light
with energy of 40.8 eV was irradiated to the tips of the Si
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Fig. 2 CL spectra of Si nanowall at 37 K. Tip and center of Si
nanowall were irradiated by electron beam
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nanowall. The kinetic energy of the photoelectrons emit-
ted from a sample is influenced by the work function and
the binding energy. Therefore, an UPS spectrum reflects
the density of states in the valence band [32]. The most
important advantage of UPS is high surface sensitivity.
The maximum kinetic energy of electrons in this meas-
urement is 40.8 eV, which corresponds to the mean free
path of electrons less than 1 nm [33]. This indicates that
the UPS can only measure the DOS of the surface of the
sample. Therefore, we can selectively detect the UPS sig-
nal of the tips of the Si nanowall if we can prepare the
sample in which the tips are located at the surface.

Figure 3 shows the sample fabrication process. The
spaces in the Si nanowall were filled with Al,O5; deposited
by using atomic layer deposition (ALD). The tips of the Si
nanowall were bared by chemical mechanical polishing
(CMP). Then, the SiO, and Al,Oj3 layers were removed by
5% HF etching. Figure 4 shows the scanning electron
microscope (SEM) image of the bared Si nanowall. It was
confirmed that Si nanowall was standing independently,
and the width of the tip is 3 nm. This width corresponds
to a theoretical band gap expansion of about 0.2 eV [11].
Just after the HF etching, the surface of Si nanowall was
terminated by hydrogen; hence, the quantum size effect
can be expected to be confirmed.

Figure 5 shows the results of the UPS measurements. We
prepared three types of samples, namely slimmed Si nano-
wall with a 3-nm width, an unslimmed one with a 20-nm
width, and bulk Si. The value of the vertical axis, counts, re-
flects the DOS. The onset of the increase in the counts near
a kinetic energy of 36 eV corresponds to the upper end of
the valence band Ey. However, the shift of Ey edge was not
observed. This is probably due to the tapered shape of Si
nanowall as shown in Fig. 2. The surface sensitivity of UPS
was less than 1 nm. However, the incident ray was at an
angle of 50° to the Si nanowall. The thick region of the Si
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Fig. 3 Sample fabrication process for UPS measurement
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Fig. 4 Overhead SEM image of bared Si nanowalls after HF etching.
The Si nanowalls have a tapered shape as shown in Fig. 1. Sharp
and clear regions thinner than 10 nm are tips of Si nanowall. The
blurred region around the tips corresponds to the bottom region of
the nanowall

nanowall below the tips was irradiated with the ultraviolet
ray from the sidewall as well as the tips and photoelectrons
were emitted. In this case, UPS signals from the tips and
the thicker region are simultaneously detected and the shift
of Ey, edge was not observed.

However, a characteristic DOS structure of 3-nm-
width Si nanowall was confirmed. The DOS structures
of the 20-nm-width Si nanowall were similar to that of
bulk Si, whereas the DOS structure changed into a
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Fig. 5 UPS measurement results of Si nanowall with different
widths: 3 and 20 nm and bulk. The incidence angle was 50°. The

counts values were normalized at the maximum values
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stepwise shape when the thickness of Si nanowall was
3 nm. We also investigated the change of the DOS struc-
ture in order to clarify the quantum size effect. In the
case of a quantum well, it is known that the DOS in-
creases at the quantum level stepwise [34]. The quantum
level can be calculated by

B (Zmn)?
ComrL?

(1)

&n

where ¢, is the quantum level, % is the reduced Planck
constant, m* is the effective mass of the hole, L is the
width of quantum well, and # is the quantum number. In
the case of the valence band, the quantum levels appear at
&, below Ey. The calculated quantum levels were added in
Fig. 5. In this calculation, the effective mass of bulk Si and
the width of Si nanowall were used for m* and L, respect-
ively. The Fermi level Er of electrode was 36.45 eV which
coincided with the Ep of Si nanowall. The measured sam-
ple was p-type Si, so the energy level of Ey, exists between
36.45 and 35.89 eV. We assumed the Ey to be 36.0 eV
which is the onset of the increase in the counts. As shown
in Fig. 5, the onset of each step of the DOS corresponds
to the quantum level with # =7, 8, and 9. Strictly speaking,
the calculated quantum levels were slightly smaller than
the onset levels. Considering the relationship between the
Ey and Ep the Ey of 36.0 eV may be slightly underesti-
mated. The quantum levels with small # values were not
observed. In the region with small # values, intervals of
the quantum levels become small. The quantum level is
varied by the thickness of the Si nanowall; therefore, near
the band edge, it was buried in the signal from the thick
region because of the tapered shape. Figure 6 shows the
measurement result with UV incidence angles of 50° and
70°. By irradiating the sample at a shallow angle, the
sensitivity to the tips can be high. When the incidence
angle is 70°, lower peak corresponding to the # value of 6
was observed by comparing with the measurement at an
angle of 50°. Although the DOS structure corresponds to
the small # values was not observed, the band gap widen-
ing can be estimated from the quantum levels. The first
quantum level means an energy shift of Ey, and it was cal-
culated as 0.085 eV. Thereby, the band gap widening can
be estimated to be about 0.2 eV, along with the conduction
band shift. This value corresponds to the theoretical band
gap widening of the quantum well with a width of 3 nm.

Conclusions

We investigated properties of an extremely thin Si nano-
wall in which the width of the thinnest region was 3 nm.
We found that CL measurement is not suitable to detect
the quantum size effect due to the undesirable lumines-
cence caused by the diffusion of injected electrons and
the influence of the oxide layer. We also fabricated a
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Fig. 6 UPS measurement results of the Si nanowall with a width of
3 nm at different UV irradiation angles: 50° and 70°. The counts
values were normalized at the step with n value of 7

slimmed Si nanowall without the oxide layer and
measured it by UPS. When the width of Si nanowall was
3 nm, the change of the DOS structure in the valence
band was observed. According to the comparison be-
tween the experimental DOS structure and the theoret-
ical quantum levels, we concluded that this change in
the DOS is caused by the quantum size effect.
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